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DVVRODUFHOOVJDVVHQVRUVIODWSDQHOGLVSOD\VDQWLUHIOHFWLRQFRDWLQJVHWF&KDPSQHVVHWDO /RNKDQGH
 1RPXUD HWDO/HHHWDO)LUVWSULQFLSOHVFDOFXODWLRQ LVDSRZHUIXO WRRO WRFDOFXODWH WKH
VWUXFWXUDO HOHFWURQLF DQG HODVWLF SURSHUWLHV RI WKHVH WUDQVLWLRQ PHWDO PRQR[LGHV =Q2 FU\VWDOOL]HV LQ WKH
KH[DJRQDO ZXUW]LWH % RU FXELF ]LQF EOHQGH % RU ERWK DW DPELHQW FRQGLWLRQV -DIIH HW DOKDYH




EOHQGH % &G2 FU\VWDOOL]HV LQ WKH 1D&O % VWUXFWXUH ZLWK )PP VSDFH JURXS DW DPELHQW SUHVVXUH
5REHUWR HW DO  KDYH SUHGLFWHG D KLJK SUHVVXUH SKDVH WUDQVLWLRQ IURP % WR % &V&O VWUXFWXUH DW






7KHGHQVLW\ IXQFWLRQDO WKHRU\ ')7 FDOFXODWLRQV DUH FDUULHGRXW XVLQJ WKH9LHQQD DE LQLWLR VLPXODWLRQSDFNDJH
9$63 3HUGHZ HW DO %O|FKO   7KH JHQHUDOL]HG JUDGLHQW DSSUR[LPDWLRQ **$ LQWURGXFHG E\
3HUGHZ%XUNHDQG(UQ]HUKRI.UHVVHHWDO LVXVHGIRUWKHH[FKDQJHFRUUHODWLRQIXQFWLRQDO7KHHOHFWURQLF
ZDYH IXQFWLRQVH[SDQGHG LQ DSODQHZDYHEDVLV VHWZLWKDQHQHUJ\FXWRIIRI H9 LVXVHG LQ WKHFRPSXWDWLRQ
.UHVVH HW DO 3HUGHZ HW DO %ULOORXLQ ]RQH LQWHJUDWLRQV DUH SHUIRUPHG XVLQJ WKH0RQNKRUVW SDFN
SURFHGXUH0RQNKRUVW DQG3DFN %RWKLQWHUQDODWRPLFFRRUGLQDWHVDQGODWWLFHSDUDPHWHUVDUHIXOO\UHOD[HGVR
WKDW WKH FRQYHUJHQFH RI +HOOPDQQ)H\QPDQ IRUFHV ZDV EHWWHU WKDQ PH9ǖ 7KH VHOI FRQVLVWHQW WRWDO HQHUJ\
FDOFXODWLRQVDUHFRQYHUJHGZLWKHQHUJ\GLIIHUHQFHOHVVWKDQPH9 7KH]LQFGVFDGLXPGV DQGR[\JHQ
VS RUELWDOVZHUH LQFOXGHGDVYDOHQFHHOHFWURQV 7KHFU\VWDOVWUXFWXUHVRI WKHVH WUDQVLWLRQPHWDOPRQR[LGHV 02






$IXOOJHRPHWU\ RSWLPL]DWLRQLV LQLWLDOO\FDUULHGRXWIRUWKHWKUHHFXELF SKDVHVRI WKHPHWDOPRQR[LGHV=Q2
DQG&G27KHWRWDOHQHUJLHVIRUWKHYDULRXVYROXPHVDUHILUVWFRPSXWHG)URPWKHYROXPHFRUUHVSRQGLQJWR
WKHPLQLPXPHQHUJ\WKHRSWLPL]HGODWWLFHSDUDPHWHUVDUHFDOFXODWHG)LJD)LJE
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)LJ7KHWRWDOHQHUJLHVDVDIXQFWLRQRIFHOOYROXPHD=Q2E&G2
7KHVHGDWDDUHWKHQILWWHGWRWKHXQLYHUVDO%LUFK0XUQDJKQDQHTXDWLRQRIVWDWH 0XUJKQDQ LQRUGHU
WRILQG WKHEXONPRGXOXV%R DQG LWVSUHVVXUHGHULYDWLYH%R¶ ,Q WDEOHDOO WKHVHSDUDPHWHUVDUHVXPPDUL]HG
WRJHWKHUZLWKWKHDYDLODEOHH[SHULPHQWDODQGRWKHUWKHRUHWLFDOZRUNV2EYLRXVO\WKHFDOFXODWHGYDOXHVRIWKH
ODWWLFHSDUDPHWHUV DQG WKHEXONPRGXOXV DUH LQ JRRG DJUHHPHQWZLWK WKH H[SHULPHQWDO DQGRWKHU WKHRUHWLFDO
YDOXHV7KH%SKDVHRI=Q2DQG WKH%SKDVHRI&G2DUH IRXQG WREH WKHPRVW VWDEOHSKDVHV DW DPELHQW
FRQGLWLRQV 7KHFDOFXODWHGFRKHVLYHHQHUJLHVDUHDOVRFRQILUP%SKDVHRI=Q2DQGWKH%SKDVHRI&G2DV
PRVWVWDEOHSKDVHVDWDPELHQWFRQGLWLRQV
7DEOH&DOFXODWHG  ODWWLFHSDUDPHWHUV D c HTXLOLEULXPYROXPH9 c YDOHQFH HOHFWURQGHQVLW\ȡ HOHFWURQVcEXONPRGXOXV %
*3DDQGLWV ILUVW GHULYDWLYH%¶IRUWKH=Q2DQG&G2IRUWKUHHGLIIHUHQWVWUXFWXUHV



















































































D.DU]HOHWDO E$PUDQLHWDO F2VKLNLULHWDO G/LX HWDO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
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6WUXFWXUDO FKDQJHV LQ WKH IRUP RI SKDVH WUDQVLWLRQ DUH VWXGLHG IRU =Q2 DQG &G2 7KH *LEE¶V IUHH HQHUJ\
* 8939 ± 76LVWKHWKHUPRG\QDPLFUHODWLRQWKDWJRYHUQVWKHFU\VWDOVWDELOLW\DWDJLYHQSUHVVXUH DQG
WHPSHUDWXUH 7KH ILUVW SULQFLSOHV FDOFXODWLRQV DUHJHQHUDOO\SHUIRUPHGDW ]HUR.HOYLQ KHQFH WKH*LEE¶V IUHH
HQHUJ\UHODWLRQUHGXFHVWRWKHHQWKDOS\UHODWLRQ+ (939ZLWKWKHLQWHUQDOHQHUJ\89 (9)LJDDQG
)LJEUHSUHVHQWV WKHHQWKDOS\YHUVXVSUHVVXUHSORWVIRU=Q2DQG&G2)RUDJLYHQSUHVVXUHWKHSKDVHZLWK
WKH ORZHVW HQWKDOS\ LV WKHPRVW VWDEOH SKDVH DQG WKH FURVVLQJ RI WKH FXUYHV LQGLFDWHV D ILUVW RUGHU SUHVVXUH
LQGXFHGSKDVHWUDQVLWLRQ7KHHQWKDOSLHVRIWKHWZRSKDVHVDUHHTXDODWWKHWUDQVLWLRQSUHVVXUH)URP)LJDZH





7KHHOHFWURQLFEDQGVWUXFWXUHLVDQLPSRUWDQWSURSHUW\SURYLGLQJLQIRUPDWLRQ DERXWWKH W\SHRIPDWHULDO ±
PHWDO VHPLFRQGXFWRU RU LQVXODWRU  7KH HOHFWURQLF EDQG VWUXFWXUH FKDQJHV LI WKH FRPSRVLWLRQ RU DWRPLF
DUUDQJHPHQWVDUHFKDQJHG$V WKH%SKDVHRI =Q2DQG WKH%SKDVHRI&G2DUH WKHPRVWVWDEOHSKDVHVDW
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DPELHQW FRQGLWLRQ WKH HOHFWURQLF EDQG VWUXFWXUHV RI =Q2 )LJ D DQG RI&G2 )LJE LQ WKHVH SKDVHV DUH
DQDO\VHG 7KH )HUPL OHYHO LV LQGLFDWHG E\ GRWWHG KRUL]RQWDO OLQH 7KH R[\JHQ V VWDWHV JLYH ULVH WR ZHDNO\
GLVSHUVHG EDQGVEHORZ H9LQERWKWKHPHWDOR[LGHV7KH=QGVWDWHVDUHORFDWHGLQWKHHQHUJ\LQWHUYDO
H9EHORZ WKHYDOHQFHEDQGPD[LPXPDQG LV VHSDUDWHGE\ D ODUJH JDSRI DURXQGH9 IURP WKHR[\JHQV
VWDWHV 7KH XSSHUPRVW DUH PDLQO\ GXH WR WKH K\EULGL]DWLRQ RI 2 S ZLWK =Q S VWDWHV 7KH EDQG VWUXFWXUH






7KH HODVWLF FRQVWDQWV DUH HVVHQWLDO IRU DSSOLFDWLRQV UHODWHG WR PHFKDQLFDO SURSHUWLHV RI VROLGV 7KH KLJK
SUHVVXUHVWXG\RIWKHVHFRQVWDQWVLVLPSRUWDQWWRSUHGLFWDQGXQGHUVWDQGWKHPDWHULDOUHVSRQVHVWUHQJWKDQGLWV
PHFKDQLFDOVWDELOLW\ ,QRUGHU WRREWDLQ WKHPHFKDQLFDOVWDELOLW\GHVFULSWLRQRI WKHVHV\VWHPVDVHWRIHODVWLF
FRQVWDQWV LV REWDLQHG IURP WKH UHVXOWLQJ FKDQJH LQ WRWDO HQHUJ\ GHIRUPDWLRQ 7KH HODVWLF FRQVWDQWV &LM DUH
FDOFXODWHGZLWKLQ WKH WRWDOHQHUJ\PHWKRGZKHUH WKHXQLW FHOO LV VXEMHFWHG WRDQXPEHURI ILQLWHVL]HVWUDLQV
DORQJVHYHUDOVWUDLQGLUHFWLRQV 1\H  .DOD\HWDO;XHWDO7KHFXELFODWWLFHVKDYHWKUHH
LQGHSHQGHQWHODVWLFFRQVWDQWV&&& 7KHFDOFXODWHGHODVWLFFRQVWDQWVDUHJLYHQLQ7DEOH  IRU =Q2DQG
&G20HFKDQLFDOVWDELOLW\FULWHULDIRUFXELFFU\VWDO%RUQDQG+XDQJDWDPELHQWFRQGLWLRQVLVJLYHQE\

7KHPHFKDQLFDO SURSHUWLHV VXFK DV <RXQJ¶VPRGXOXV ( VKHDUPRGXOXV * DQG 3RLVVRQ¶V UDWLR Y DUH
LPSRUWDQW SK\VLFDO TXDQWLWLHV HVSHFLDOO\ IRU HQJLQHHULQJ DSSOLFDWLRQV 7KH =HQHU DQLVRWURS\ IDFWRU $
PHDVXUHV WKH GHJUHH RI DQLVRWURS\ LQ WKH VROLG VWUXFWXUH 7KH YDOXH RI $  UHSUHVHQWV FRPSOHWHO\ HODVWLF
LVRWURS\ZKLOHYDOXHVVPDOOHURUODUJHUWKDQPHDVXUHWKHGHJUHHRIHODVWLFDQLVRWURS\7KHKDUGQHVVRIWKH
SRO\FU\VWDOOLQHPDWHULDOFDQEHLQYHVWLJDWHGE\FRPSXWLQJWKH/DPHFRQVWDQWVȜȝ.OHLQPDQSDUDPHWHUDQG
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$OO WKH FDOFXODWHGPHFKDQLFDOSURSHUWLHV IRU =Q2DQG&G2 ZLWKFRQVLGHUHGVWUXFWXUHV DUHSUHVHQWHGLQ7DEOH 
7DEOH &DOFXODWHGHODVWLFFRQVWDQWV&& & *3D<RXQJ¶VPRGXOXV(*3D6KHDUPRGXOXV**3D %*UDWLR3RLVVRQ¶VUDWLRȞ
=HQHU LVRWURS\$ /DPHFRQVWDQWV Ȝȝ.OHLQPDQ SDUDPHWHUȗDQGPLFURKDUGQHVVSDUDPHWHU+IRU =Q2DQG&G2 DWDPELHQW
SUHVVXUH
=Q2 &G2





























































































%XONPRGXOXV % DQG VKHDUPRGXOXV * FDQPHDVXUH WKH UHVLVWDQFH RI DPDWHULDO WR YROXPH DQG VKDSH
FKDQJH UHVSHFWLYHO\)URP7DEOH  LW LV IRXQG WKDW WKHEXONPRGXOXV YDOXHVREWDLQHG IURP WKH(26 ILW DUH
FORVH WR WKHYDOXHVFDOFXODWHG XVLQJ WKHHODVWLFFRQVWDQWV7KHUHVXOWV 7DEOH  LQGLFDWH WKDW ERWKR[LGHV DUH
PRUHLQFOLQHGWRUHVLVWWKHYROXPHFKDQJHWKDQVKDSHFKDQJH 0DWHULDOVZLWKKLJK %DQG * DUHOLNHO\WREHKDUG
PDWHULDOV <RXQJ¶VPRGXOXV LV DPHDVXUHRI VWLIIQHVVRI D VROLG LH ODUJHU WKH YDOXHRI<RXQJ¶VPRGXOXV
VWLIIHU LV WKHPDWHULDO7KHFRPSXWHG UHVXOWV LQGLFDWH WKDW =Q2 LQ%SKDVH LV WKH VWLIIHVWPDWHULDO WKDQ&G2
7KH3RLVVRQ¶V UDWLRPHDVXUHV WKHGHJUHHRIGLUHFWLRQDOLW\RI WKHFRYDOHQWERQGV7KHYDOXHRI WKH3RLVVRQ¶V
UDWLRLVVPDOO IRUFRYDOHQWPDWHULDOVZKHUHDVLWLVJUHDWHUWKDQRUHTXDOWR 1\H  IRULRQLF
PDWHULDOV 7KH3RLVVRQ¶VUDWLRRI %SKDVHRI=Q2DQG&G2DUH WKHORZHVWLQGLFDWLQJ WKDWWKH0±2 ERQGLQJLV
PRUHGLUHFWLRQDOLQQDWXUH 7KHUDWLRRIEXONPRGXOXVWRVKHDUPRGXOXV%*LVXVHGWRHVWLPDWHWKHEULWWOHRU
GXFWLOH EHKDYLRXU RI PDWHULDOV  $ KLJK %* YDOXH LV DVVRFLDWHG ZLWK GXFWLOLW\ ZKLOH D ORZ %* YDOXH
FRUUHVSRQGVWRWKHEULWWOHQDWXUH7KHFULWLFDOYDOXHZKLFKVHSDUDWHVGXFWLOHDQGEULWWOHPDWHULDOVLVDERXW
7KHFDOFXODWHGYDOXHVRI%*SUHGLFW WKDW =Q2 DQG &G2 DUHGXFWLOH LQQDWXUH LQ WKH DOO SKDVHV $OVR WKHVH
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R[LGHVDUHHODVWLFDOO\DQLVRWURSLFDWDPELHQWSUHVVXUH 7KHFDOFXODWHG+YDOXHVLQGLFDWHWKDW =Q2 LVWKHKDUGHVW
PDWHULDO
,QWKLVZRUNWKHHODVWLFFRQVWDQWVDWQRUPDODQGKLJKSUHVVXUHVDUHFDOFXODWHGWRLQYHVWLJDWHWKHPHFKDQLFDO
VWDELOLW\RI =Q2DQG&G2LQWKHLU VWDEOHSKDVHV1RZWKHUHDUHWKUHH LQGHSHQGHQWHODVWLFFRQVWDQWV  &&
DQG& IRUWKHFXELFVWUXFWXUH =Q2LVVWDEOHLQWKH%SKDVHDQGWUDQVIRUPVLQWRWKH%DW DSUHVVXUHRI
*3DZKLOH &G2LVVWDEOHLQWKH%SKDVHXSWRDSUHVVXUHRI*3DDQGLW WUDQVIRUPVWRWKH%SKDVH DW
KLJK SUHVVXUHV 7KH KLJK SUHVVXUH VWXGLHV RI WKH HODVWLF SURSHUWLHV DUH GRQH RQO\ IRU WKHVH SKDVHV 7KH
FDOFXODWHG YDOXHV RI HODVWLF FRQVWDQWV &LM <RXQJ¶V PRGXOXV VKHDU PRGXOXV SRLVVRQ¶V UDWLR %* UDWLR
DQLVRWURSLFIDFWRUDQGKDUGQHVVIRU=Q2DQG &G2 DWDPELHQWSUHVVXUHDUHJLYHQLQ7DEOH7KHQHJDWLYH YDOXH
RI& LQGLFDWHV &G2LQWKH%SKDVHLVKLJKO\XQVWDEOHDWDPELHQWFRQGLWLRQ+RZHYHUWKHHODVWLFFRQVWDQWV
DUHIRXQGWRLQFUHDVHZLWKSUHVVXUHIRULWVVWDEOHSKDVHDVH[SHFWHG7KHYDULDWLRQRIWKHYDULRXVPRGXOL IRU
WKHVWDEOHSKDVHRI=Q2DQG&G2 LVVKRZQLQILJ  DE
)LJ D3UHVVXUHGHSHQGHQFHRIHODVWLFPRGXOLRI=Q2
)LJ E3UHVVXUHGHSHQGHQFHRIHODVWLFPRGXOLRI &G2
1041 A. Jemmy Cinthia et al. /  Procedia Materials Science  5 ( 2014 )  1034 – 1042 
,WLVZRUWKWR QRWLFHWKDW& LQFUHDVHVUDSLGO\ZLWKSUHVVXUH IRUWKH%SKDVHRIERWKWKHPHWDOPRQR[LGHV
7KHHODVWLFFRQVWDQW& UHSUHVHQWVWKHHODVWLFLW\LQOHQJWK$ORQJLWXGLQDOVWUDLQSURGXFHVDFKDQJHLQ&7KH
HODVWLFFRQVWDQWV& DQG& DUHUHODWHGWRWKH HODVWLFLW\LQVKDSHZKLFKLVDVKHDUFRQVWDQW$WUDQVYHUVHVWUDLQ
FDXVHV FKDQJH LQ VKDSHZLWKRXW FKDQJH LQ YROXPH7KHUHIRUH& DQG& DUH OHVV VHQVLWLYH WR SUHVVXUH DV
FRPSDUHGWR&7KH%XONPRGXOXV%<RXQJ¶VPRGXOXV(DQGVKHDUPRGXOXV*LQFUHDVHPRQRWRQRXVO\ZLWK
SUHVVXUH 7KLV LQGLFDWHV WKDW WKHVH R[LGHV UHVLVW ERWK YROXPH DQG VKDSH FKDQJHV 7KH PHFKDQLFDO VWDELOLW\
FRQGLWLRQV DOVR GHSHQG RQ WKH HODVWLF FRQVWDQW YDOXHV 7KH HODVWLF VWDELOLW\ FULWHULD IRU FXELF FU\VWDOV XQGHU




ILUVW SULQFLSOHV FDOFXODWLRQV7KH FDOFXODWHG ODWWLFH SDUDPHWHUVZHUH LQ DFFRUGZLWK WKH H[SHULPHQWDO YDOXHV
2XUUHVXOWVLQGLFDWHWKDWDWQRUPDO SUHVVXUH=Q2 LVVWDEOHLQWKH%SKDVH ZKLOH&G2 LVVWDEOHLQWKH%SKDVH
$SUHVVXUHLQGXFHGSKDVHWUDQVLWLRQRFFXUVIURP%WR%DWDSUHVVXUHRI*3DDQGWKHQIURP%WR%DW




















.DOD\ 0 .DUW + + dDJLQ 7 (ODVWLF SURSHUWLHV DQG SUHVVXUH LQGXFHG WUDQVLWLRQV RI =Q2 SRO\PRUSKV IURP ILUVWSULQFLSOH
FDOFXODWLRQV-RXUQDO RI$OOR\VDQG&RPSRXQG 




.UHVVH*+DIQHU- $E LQLWLRPROHFXODUG\QDPLFV IRU OLTXLGPHWDOV3K\VLFDO5HYLHZ%





1042   A. Jemmy Cinthia et al. /  Procedia Materials Science  5 ( 2014 )  1034 – 1042 





1RPXUD .2KWD +8HGD . .DPL\D 7 +LUDQR 0 DQG +RVRQR + 7KLQ ILOP WUDQVLVWRU IDEULFDWHG LQ D VLQJOH FU\VWDOOLQH
WUDQVSDUHQW R[LGHVHPLFRQGXFWRU6FL
1\H -) 3K\VLFDO3URSHUWLHVRI &U\VWDOV2[IRUG8QLYHUVLW\3UHVV2[IRUG
2VKLNLUL0DQG$U\DVHWLDZLQ)%DQGJDSVDQGTXDVLSDUWLFOHHQHUJ\FDOFXODWLRQVRQ=Q2=Q6DQG=Q6HLQWKH=%VWUXFWXUH E\WKH
*:DSSUR[LPDWLRQV3K\V5HY%
3HUGHZ - 3 %XUNH .:DQJ <  *HQHUDOL]HG JUDGLHQW DSSUR[LPDWLRQ IRU WKH H[FKDQJHFRUUHODWLRQ KROH RI D PDQ\HOHFWURQ
V\VWHP3K\VLFDO5HYLHZ%
3HUGHZ -3%XUNH. (UQ]HUKRI0 (UUDWXP*HQHUDOL]HG JUDGLHQW DSSUR[LPDWLRQPDGH VLPSOH 3K\VLFDO5HYLHZ/HWWHU 

5HXVV$ =$00  -RXUQDORI$SSOLHG0DWKHPDWLFVDQG0HFKDQLFV=HLWVFKULIWIU$QJHZDQGWH0DWKHPDWLNXQG0HFKDQLN 

5REHUWR-*XHUUHUR ±0RUHQDDQG1RERUX7DNHXFKL)LUVWSULQFLSOHVFDOFXODWLRQV RIWKHJURXQG VWDWHSURSHUWLHVDQGVWUXFWXUDOSKDVH
WUDQVIRUPDWLRQLQ&G23K\V5HY%
9RLJW:/HKUEXFKGH.ULVWDOOSK\VLN7HUXEQHU/HLS]LJ
:X64+RX=)=KX== $ELQLWLRVWXG\RQWKHVWUXFWXUDODQGHODVWLFSURSHUWLHVRI0$O6L0 &D6UDQG%D 6ROLG6WDWH
&RPPXQLFDWLRQ
=KRX&6XQ,==KRQJ;/;LDRVKXDQJ&KHQ/X:HLDQG:DQJ-%)LUVWSULQFLSOHVVWXG\RQERQGLQJPHFKDQLVPRI=Q2E\
/'$8PHWKRG3K\V/HWW$
